ABSTRACT: Contaminated suture material plays an important role in the physiopathology of surgical site infections. Recently, suture material has been developed characterized by barbs projecting from a monofilament base. Claimed advantages for barbed sutures are a shortened wound closure time and reduced maximum wound tension. It has also been suggested that these sutures would be advantageous microbiologically. The aim of this study was to test the microbiological characteristics of the barbed Quill in comparison to the monofilament Ethilon II and the braided sutures Vicryl and triclosan-coated Vicryl Plus. In our study, sutures were cultivated on color-change agar with Staphylococcus aureus, Staphylococcus epidermidis, Enterococcus faecium, Escherichia coli, and Pseudomonas aeruginosa and the halo size was measured. In a second study arm with longer cultivation bacterial growth was followed by antibiotic treatment. Ethilon II and Quill showed good comparable results, whereas large halos were found around Vicryl. Vicryl Plus results depended on triclosan sensitivity. After longer bacterial cultivation and antibiotic treatment, halos were up to 3.6 times smaller on Quill than on Vicryl (p < 0.001), but 1.4 times larger than on Ethilon II (p < 0.001) regarding S. aureus. Confocal microscopy analysis showed bacterial colonization between the braided filaments on Vicryl and beneath the barbs on Quill. From a microbiological perspective, barbed sutures can be recommended in aseptic surgery, but should only be used carefully in septic surgery. 
Nosocomial infections are among the 10 leading causes of death in the United States, and more than 20% of nosocomial infections are surgical site infections (SSIs), 1 with an estimated 300,000 SSIs per year in the United States alone. 1, 2 SSIs are catastrophic events, especially after total joint arthroplasty, where they can lead to prosthetic infection. Intraoperative contamination is the triggering factor underlying most orthopaedic SSIs. 3 Great efforts are thus made to reduce the risk of infection in the operating theater (laminar air flow; timely and appropriate antimicrobial prophylaxis, including administration of antibiotics [ABX] ; skin antisepsis, etc.) and through general patient-related factors (screening and eradication of methicillin-resistant S. aureus [MRSA] , treatment of urinary tract infections, optimization of HbA1c). 4, 5 In the otherwise sterile situs, most bacteria are found on the skin during an operation. Wound closure in particular is, therefore, prone to move bacteria from the skin into deeper tissue layers, carried by the suture material. This is problematic since it is generally accepted that suture material can provide a nidus for bacterial colonization. 6 After insertion of the suture, the inert surface is rapidly coated with tissue proteins, including fibrinogen, fibronectin, or collagen, which function as adhesive structures for microbial attachment. 7 After the suture is contaminated, local mechanisms of wound decontamination, mediated by granulocytic cell populations, become ineffective. 8 This situation is aggravated further by biofilm formation, 9 in which bacteria that are attached to a surface encapsulate themselves within a self-secreted extracellular polymeric slime matrix composed of polysaccharides, proteins, and nucleic acids. 10 In more than 60% of clinical infections, bacteria protect themselves by hiding in such a biofilm. 11 Within a biofilm, even ABX-sensitive strains of bacteria can become highly tolerant to such treatment. Often, the only solution is to remove the infected tissue along with the implanted device, including catheters, orthopaedic implants, and artificial heart valves.
It has long been known that the physical configuration and chemical structure of suture materials are important for bacterial adhesion. 12 Braided sutures, for example, provide a larger and more complex surface than do monofilament sutures, facilitating entrapment of bacteria and thus increasing the risk of contamination. 13, 14 To reduce bacterial colonization, especially in the case of braided sutures, manufacturers have introduced a coating that contains the broad-spectrum antiseptic triclosan. 15 Triclosan coating has shown effectiveness in vitro against strains of Staphylococcus aureus, Staphylococcus epidermidis, MRSA, methicillin-resistant Staphylococcus epidermidis (MRSE), vancomycin-resistant Enterococcus faecalis, Pseudomonas aeruginosa, and Escherichia coli 16, 17 and has proven beneficial in animal models (rat and guinea pig).
Recently, a new suture material has emerged on the market that is characterized by barbs projecting from a monofilament base. To our knowledge, three different barbed sutures are currently on the market: Quill TM (Surgical Specialties Corporation), V-loc TM (Covidien), and Stratafix TM (Ethicon). Several advantages have been claimed for barbed sutures in the literature: Skipping the knotting process allows faster wound closure and can thus be cost saving (in total knee arthroplasty, the average time saved is 2.3 min). 21 As tissue pressure within the knotted constrictive loops rises, it strangulates the tissue, leading to necrosis due to microinfarctions. 22 The resultant inflammatory response and enzymatic tissue degradation decrease the strength of the wound and increase the likelihood of wound dehiscence 23 and infection, as well as the likelihood of wider and unsightly scars. 24 The homogeneous tension distribution of a continuous suture, therefore, offers advantages with respect to inflammation and tissue viability. Moreover, while avoiding local ischemia, [25] [26] [27] [28] [29] the continuous suture using barbed sutures allows a comparable or even tighter wound closure overall 30, 31 with seemingly comparable cosmetic results. 32 Several clinical trials have suggested a similar complication rate for wound closure with barbed sutures as that with monofilament suture material, for example, in total knee arthroplasty, 21, 33 vesicourethral anastomosis, 34 and gynecologic surgery. 35 It is, however, difficult to compare results for an event with a low pretest probability, such as SSIs. In vitro data are therefore crucial in order to solidify clinical impressions. One recent in vitro study, however, stipulated the microbiological superiority of barbed suture material, not only when compared with polyfilament, but also with monofilament suture material. 36 Given the more irregular surface of barbed sutures in comparison to homogeneous smooth monofilament sutures, these data do not seem plausible. To reinvestigate, we used a comparable experimental design to semiquantitatively measure bacterial growth on different suture materials in a contaminated wound model. We expected bacterial growth on the barbed suture material to be reduced in comparison to polyfilament sutures, but increased when compared with monofilament sutures. Since barbed sutures have niches under the barbs where bacteria could possibly form biofilm, we expected the difference between barbed and monofilament sutures to be more pronounced after longer cultivation and subsequent ABX-treatment. In addition, we performed confocal microscopy on the sutures to localize the sites of bacterial adhesion, where we expected to find strong bacterial growth underneath the barbs.
MATERIALS AND METHODS
Two study arms were designed: First, to simulate microbial activity on suture material in a putatively aseptic site and second, to evaluate the situation in a contaminated area with biofilm formation on the sutures (Fig. 1) .
We tested three commonly used suture materials and one barbed suture material, all size 0: The polyamide 6 monofilament Ethilon II (Ethicon Inc., Somerville, NJ), the braided polyglactin 910 polyfilament Vicryl and its triclosan-coated counterpart Vicryl Plus (Ethicon Inc.), and the polydioxanone barbed suture Quill (Surgical Specialties Corporation, Braintree, MA). These sutures were all tested with the five most common strains of bacteria responsible for SSIs in our department: S. aureus, 37 S. epidermidis, 38 E. faecium, E. coli, and P. aeruginosa 39 (see Table 1 ). Since especially gram-negative bacteria display a high variability and also transformation rate with respect to their antibiotic resistance profile, we aimed at using current strains from the local environment. We, therefore, chose recent clinical isolates from the Interfaculty Institute of Microbiology and Infection Medicine, University of T€ ubingen for E. faecium and E. coli, and determined their antibiotic resistance profile prior to commencement of the study.
Suture Cultivation
In the first study arm, a tryptic soy broth (TSB) containing the corresponding planktonic bacteria was prepared for each strain and its concentration standardized to an optical density of 0.1. This optical density corresponds in the case of S. aureus to 6 Â 10 9 colony-forming units (CFU)/ml, in S. epidermidis to 6 Â 10 9 CFU/ml, in P. aeruginosa to 8 Â 10 9 CFU/ml, in E. coli to 6 Â 10 9 CFU/ml, and in E. faecium to 1 Â 10 9 CFU/ml. For various bacteria, a concentration of 10 5 CFU/ml has been demonstrated to be sufficient to provoke clinical infection, although this number needs to be adjusted depending on the affected tissue, the host's immune competence, and the presence of foreign materials (reviewed by Kritzek and Robson in 1975 40 ). Sterile sutures were cut into pieces 1 cm in length and incubated for 10 min in the defined TSB. Thereafter, they were taken from the broth and rinsed with 1 ml of Dulbecco's phosphate-buffered saline (PBS; without calcium/magnesium) to prevent transfer of TSB. Suture pieces were then brought into contact with a sterile cellulose pad at one end to allow removal of the remaining liquid on the suture surface.
Cultivation of the contaminated suture pieces was performed on agar plates. For each strain, a specific type of agar was chosen: Mannitol salt agar for S. aureus, maltose agar for S. epidermidis, Cetrimide agar for P. aeruginosa, MacConkey agar for E. coli, and bile esculin agar for E. faecium (Fig. 2 ). On these specific agars, the formation of a colored halo can be observed as a consequence of metabolic activity of the bacteria (maltose, bile esculin), the diffusion of pigments produced (Cetrimide), or a change in pH due to fermentation (mannitol, MacConkey). Measuring the halo size thus allows semiquantitative analysis of the presence of bacteria. After 24 h of cultivation at 37˚C, halo formation was measured for each suture material on 20 agar plates per strain.
In the second study arm, the potential effect of treatment with ABX after longer bacterial incubation was evaluated. TSBs were created as in the first study arm and sutures incubated for 10 min. Sutures were rinsed and then transferred to a sterile TSB to incubate overnight at 37˚C (Fig. 1 ). In the next step, sutures were incubated in an ABX solution before transfer to and cultivation on the corresponding colorchange agar as in the first study arm. To test the effect of ABX used in our department for SSIs, we performed four ABX trials and a negative control trial for each strain and suture (n ¼ 10), with different ABX concentrations and exposure times (cefuroxime for S. aureus; ciprofloxacin for S. epidermidis,
P. aeruginosa, E. coli, and E. faecium). A high ABX concentration solution was generated according to maximum serum levels obtained in patients after intravenous administration of a therapeutic dose (120 mg/ml cefuroxime, 3.7 mg/ml ciprofloxacin). A medium ABX concentration was created according to the average serum concentration in a regular intravenous ABX treatment regimen (10 mg/ml cefuroxime, 1.5 mg/ml ciprofloxacin). Three bacterial generation cycles were chosen as the short exposure time, and the interval between two clinical administrations of ABX was chosen as the long exposure time (for details, see Fig. 1 legend) .
For every procedure one of each sutures was incubated without any bacterial contact on one agar plate as negative control. The positive control was simple bacterial colonization without sutures on agar plates. To minimize variation in the experimental procedure, all steps with respect to one strain of bacteria and study arm were performed simultaneously by using one batch of agar.
Measurement Procedure
Agar plates were scanned (EPSON Perfection 2450 Photo scanner) and the images blinded and shuffled randomly for readout. On each suture sample, three positions were measured to minimize the influence of artifacts or inhomogeneous bacterial growth. Halo size was determined by the distance of color change at a right angle to the suture. Three independent observers performed all measurements.
Bacterial Growth Curve
The best time point for readout of the growth curve of bacteria on the sutures was determined on the specific agars (n ¼ 5 per strain) in accordance with the procedure in the first study arm. Samples were incubated at 37˚C for 36 h and a readout was performed every 2 h (Fig. 3F ). An exponential growth phase was observed from 14 to 30 h, so that 24 h was chosen as the time point for the readout. 
Confocal Microscopy
To visualize the localization of bacterial colonization on the sutures, we performed confocal microscopy after cultivation on agar plates. Samples were rinsed with PBS and then stained with DAPI (1 mL/mL PBS) for 3 min before rinsing again with PBS. Images were taken with a Zeiss Observer.Z1 microscope (software ZEN 2009, Zeiss, Oberkochen, Germany).
RESULTS
ICC(3,k) values showed a strong correlation ranging from 0.735 (95% CI, 0.67-0.79) for E. coli to 0.958 (95% CI, 0.95-0.97) for S. aureus (Table 1 ). In both study arms, the monofilament suture clearly showed the lowest bacterial presence in the triclosan-resistant strains S. epidermidis, E. faecium, and P. aeruginosa. For those with triclosan sensitivity (S. aureus and E. coli), no bacterial growth could be detected on Vicryl Plus. The highest bacterial presence was found on the braided Vicryl suture, with comparable results for Vicryl Plus for triclosan resistance (Fig. 4) . The halo size of the barbed suture Quill was comparable with that measured around Ethilon II, as shown especially for S. aureus and P. aeruginosa in Figure 3 (see also supplementary data).
In the experiment without ABX treatment, a statistically significant difference between Ethilon II and Quill could be found only for E. faecium with p < 0.001 (halo size: Ethilon II, 0 mm [0-1]; Quill, 3 mm [2] [3] [4] [5] [6] [7] [8] ). Between Quill and Vicryl, a statistically significant difference was determined for E. faecium and P. aeruginosa at p < 0.001 each. For S. aureus, p ¼ 0.045 (Table 2 and supplementary data).
When operating in an infected wound, at least at the time point of the first intervention, the predominant bacteria is often unknown. We therefore calculated only one p-value for all strains together. Differences found between the suture materials were much more pronounced in the study arm with longer bacterial cultivation and, thereafter, treatment with Figure 3 . Boxplots showing the measured halo size in the first study arm without antibiotic treatment for triclosan-sensitive S. aureus (A) and triclosan-resistant P. aeruginosa (B). The largest halos were measured for the braided Vicryl and triclosan-resistant Vicryl Plus, while for P. aeruginosa and S. aureus, comparable bacterial presence was measured for Ethilon II and Quill. ABX. Quill was significantly better than Vicryl, but significantly worse than Ethilon II (p < 0.001 each).
When ABX exposure is increased, a greater reduction in bacterial presence on the sutures can be observed. In the negative control for P. aeruginosa, the medium halo size was 12 mm (8-19) for Ethilon II; 12 mm (10-16) and 14 mm (10-19) for Vicryl and Vicryl Plus, respectively; and 14 mm (10-17) for Quill. After 1 h of exposure to 1.5 mg/ml ciprofloxacin, halo size was reduced by a factor of 2 on the sutures on a monofilament base: To 5 mm (2-10) for Ethilon II and to 7 mm (3-12) for Quill. A high ciprofloxacin level, such as measured immediately after intravenous application, seems to have a stronger effect on the bacteria than does simply lengthening the time of exposure at the original average serum concentration (Table 2 and supplementary data).
Interestingly, for both ABX concentrations and exposure times, maximum bacterial reduction was more pronounced on the monofilament devices than on the braided sutures. After 12 h of exposure at a ciprofloxacin concentration of 3.7 mg/ml, the halo size around Ethilon II was reduced by a factor of 10, from 12 mm (9-19) to 1 mm (0-3), whereas the halo size Values are reported as median (minimum-maximum). p values were calculated for the differences between the monofilament Ethilon II and the barbed Quill and for the polyfilament Vicryl versus Quill. Bonferroni-corrected statistically significant differences are highlighted in bold. ABX, antibiotic. p-value of P. aeruginosa from 0.62 to 0.620.
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around Vicryl was reduced by a factor of 1.5, from 12 mm (11-16) to 8 mm (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) . With E. coli and E. faecium, but also with S. aureus, even under a long and high concentration treatment, bacterial presence on the sutures could only be partly reduced. Furthermore, although it prevented bacterial growth in the study arm without ABX, triclosan on Vicryl Plus did not impede E. coli in the study arm with ABX.
To identify the sites of bacterial adherence, we performed confocal microscopy in both study arms. Although almost no bacterial colonization could be detected on the monofilament Ethilon II, pronounced colonies were observed in the niches between the filaments of the braided Vicryl. On the barbed Quill device, the monofilament parts remained without colonization. Underneath the barbs, however, strong bacterial adherence could be observed (Fig. 5) .
DISCUSSION
In this study, we used an in vitro model to evaluate bacterial presence on the monofilament Ethilon II, the braided Vicryl and Vicryl Plus, and the barbed Quill suture material in both a putatively aseptic site and in a contaminated wound. When we compared the halo formation around these sutures on specific colorchanging agars, similar microbial presence was found on Ethilon II and Quill material in the aseptic study arm. Depending on triclosan sensitivity, significantly more bacteria were found on the braided sutures. When we tested a contaminated simulation with longer bacterial cultivation that possibly allowed biofilm formation and exposed the sutures to ABX treatment, differences between the sutures were much more pronounced. The barbed suture showed significantly better results than did the braided sutures. At the same time, however, halo formation was significantly larger on the barbed Quill than around the monofilament Ethilon II.
Bacterial adhesion to surfaces is a multifactorial process. Bacteria possess many adhesion molecules, which differ among species and between gram-positive and gram-negative bacteria. These molecules enable bacteria to bind to different extracellular matrix proteins with which foreign-body materials, such as sutures, are coated shortly after they are introduced into the human body. [41] [42] [43] The microbial characteristics of an implanted medical device, therefore, depend in the first instance on its affinity for such proteins. Concerning direct binding of bacteria to surfaces, interspecies comparison showed that pathogens tend to be hydrophobic 44 and that their hydrophobic properties decide whether bacteria preferably bind to hydrophobic or to hydrophilic surfaces. 45 While both monofilament sutures possess hydrophobic characteristics, Vicryl is considered slightly hydrophilic. This effect did not, however, seem to play a predominant role in our study, since the least hydrophobic suture (Vicryl) had by far the highest bacterial colonization. This result can be explained by the macrostructure of Vicryl, which soaks the bacteria-containing liquid into its braided strand, thus entrapping the bacteria and protecting them from being easily rinsed off. Nevertheless, first results in the literature suggest that superhydrophobic surfaces could repel hydrophobic pathogens such as S. aureus.
46,47
A crucial parameter that influences adhesion of bacteria is surface roughness. Roughness on a nanoscale has been shown to be beneficial for P. aeruginosa adhesion on contact lenses made of silicon hydrogel. 48 In two recent studies investigating the adherence of bacteria to medicinally used titanium, the investigators reported that both S. aureus and P. aeruginosa adhered better to the specifically treated and thus on a nanoscale rougher titanium surface than they did to a smooth surface equivalent. 49 Thereby, the observed interspecies differences in adherence could be ascribed to the morphological characteristics of the bacteria.
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The barbed suture's teeth have two consequences in that respect: An enlarged surface in comparison to monofilament sutures and a macroscopic niche for bacterial growth and possibly biofilm formation. Moreover, they possess a rougher surface in the areas of the barbs on a microscopic level, increasing the chance that bacteria can attach.
Once colonization has occurred, many bacteria organize themselves into biofilms, which represent protected niches that facilitate persistent colonization. 41 In these biofilms, even ABX-resistant bacterial subpopulations may form, 51 partly because biofilms are barely penetrable for many ABXs. And even though a few remaining ABXs are not yet hindered by biofilms, such as daptomycin, 52,53 the increasing bacterial resistance rate underscores the necessity of optimizing the microbial properties of medical devices. In our experiment, cefuroxime and ciprofloxacin, despite their bactericide properties, were only partly able to reduce the bacteria on the sutures. Colonies persisted in particular in niches, such as between the filaments on a braided suture or underneath the barbs. Since we microscopically observed formation of multiple layers of bacteria and extracellular matrix in these areas, we, therefore, believe the bacteria at these sites to be organized in a biofilm.
Interestingly, triclosan hindered the growth of E. coli on Vicryl Plus only in the first study arm. When we tested the effect of ABX treatment, however, a strong halo formation could be detected around the Vicryl Plus sutures. One possible explanation for this phenomenon could be that, in the second study arm, pre-readout cultivation was performed 24 h later than it was in the study arm without ABX. Although antibacterial activity of triclosan on sutures has been reported to persist for 96 h as compared with controls, 7 after 48 h, the levels might not have no longer been high enough to prevent the growth of E. coli.
In a wound contamination model similar to that in the present study, Fowler et al. 36 found the least MRSA adherence on Quill sutures when compared with adherence not only on polyfilament Vicryl sutures, but also on monofilament PDS sutures. In their study, instead of using polyglactin (Ethilon II) as a monofilament suture, Fowler et al. used the polydioxanone PDS. Since Quill is also made of polydioxanone, no obvious reason can be suggested as to why a suture with increased surface area and roughness should present less bacterial adherence than the original suture material. In our present study, differences between the monofilament and barbed material were much more pronounced in the study arm with longer bacterial cultivation possibly allowing biofilm formation. Fowler et al. did not test after biofilm formation and already suggested that such a condition might seriously alter the results. Another explanation for the different results in the two studies might lie in the experimental setup: Fowler et al. quantitatively measured the colonies derived from the wash solutions in which the sutures were vortexed. It is conceivable that underneath the barbs, shear forces are strongly reduced, protecting the bacteria from being washed off.
Study Limitations
Although we believe that our model is important to better interpret clinical results obtained from the use of these materials, the present study remains a simulation. No effects of the immune system or other effects regarding an in vivo study could be evaluated, nor were the bacteria exposed to ABX over several weeks. Furthermore, there was no mechanical stress on the sutures, which might alter their nanostructure.
In another study, less bacterial adherence of S. aureus and E. coli was observed on PDS sutures than on Ethilon sutures. 12 PDS is not used in our department and was therefore not included in the present experiments. Nonetheless, these data, seen in the context of this study, underline the difference between a purely monofilament suture and a barbed suture.
Further studies should be undertaken to investigate the effect of ABX that break down biofilm. One aspect that might be difficult to investigate but interesting to examine is the clinical importance of the fact that barbed monofilament sutures do not need to be knotted, thus reducing local tissue necrosis and damage to the suture material on a nanostructure level.
CONCLUSION
From a microbiological perspective, it seems reasonable to recommend barbed sutures in aseptic surgery. On the basis of the data generated in this experiment, in septic surgery, barbed sutures seem to have poorer characteristics than do purely monofilament sutures. Whether this difference in microbial properties outweighs other considerations, such as the biomechanical properties of sutures, thus far remains at the surgeon's discretion.
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